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PARITY ERROR CHECKING AND COMPARE
USING SHARED LOGIC CIRCUITRY IN A
TERNARY CONTENT ADDRESSABLLE
MEMORY

BACKGROUND OF THE INVENTION

Content-Addressable Memories (CAMs) and Ternary
Content-Addressable Memories (TCAMs) have been 1n use
for some time. CAMs and TCAMs are routinely employed 1n
various applications including, for example, lookup tables for
IP (Internet Protocol) routers.

To facilitate discussion of CAMs and TCAMs, FIG. 1
shows a portion of an example prior art CAM 100 that 1s
configured to decode an input pattern of 3 bits to a single
match result. In a typical real world application, however, the
number of bits may vary. Furthermore, CAMs may be imple-
mented using different technologies although the basic func-
tions described below are essentially the same for all CAMs.

In F1G. 1, there are shown three input lines B1, B2, and B3,
representing the input lines for the mput bits. The bit lines are
intersected by a plurality of word compare circuits W, W2,
W3, etc . .. Since the example of FIG. 1 involves 3 input bits,
there may be 2° or 8 possible word combinations and hence 8
possible word compare circuits W1-W8. In other implemen-
tations, there may be a greater or fewer number of word
compare circuits than 2, (where n=number of input bits).

Each word compare circuit includes a plurality of bit com-
pare circuits, with each bit compare circuit being associated
with one of input bit lines B1-B3. Thus, 1n word compare
circuit W1, there are three bit compare circuits 110, 112, and
114 corresponding to respective mput bits B1, B2, and B3.
Each of bit compare circuits 110, 112, and 114 includes a
compare value storage cell and cell compare circuitry. For
example, bit compare circuit 110 includes a compare value
storage cell D1 and cell compare circuitry 122.

A compare value storage cell, such as compare value stor-
age cell D1, 1s used to store one bit of data against which the
corresponding mput bit 1s compared. The comparison 1s per-
formed by the associated cell comparison circuitry (so that
cell comparison circuitry 122 would be employed to compare
input bit B1 against the data value stored 1n compare value
storage cell D1, for example).

In a typical implementation, the compare value storage
cells of CAMs (such as compare value storage cell D1) 1s
implemented using SRAM (Static Random Access Memory)
technology. SRAM technology 1s typically employed due to
the high density offered. Generally speaking, TCAMs also
employ SRAM technology for their compare value storage
cells and mask value storage cells for the same reason. The bit
compare circuit may be implemented using a combination of
an XNOR gate and an AND gate connected as shown 1n cell
compare circuitry 122. The inputs for each AND gate (such as
AND gate 130 of cell compare circuit 112) are taken from the
output of the associated XNOR gate (such as XNOR gate
132) and the output of the previous bit compare circuit (such
as bit compare circuit 110). If there 1s no output from the
previous bit compare circuit, a value “1” 1s used (as can be
seen with AND gate 140).

Suppose that the three compare value storage cells associ-
ated with word compare circuit W1 store the bit pattern
“101”. This bat pattern “101” 1s compared against the bit
pattern inputted 1nto bit lines B1-B3. If the input bit pattern
presented on bit lines B1-B3 1s also 1017, the comparison
result against the data values stored 1n word compare circuit
W1 would be a match, and the output 160 of word compare
circuit W1 would be active. Any word compare circuit whose
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stored bit pattern 1s different from “101” would have an
inactive output. On the other hand, if the input bit pattern
presented on bit lines B1-B3 15 1117, the comparison result
against the data values stored 1n word compare circuit W1
would not be a match, and the output 160 of word compare
circuit W1 would be inactive. The word compare circuit
whose stored bit pattern is “111” would have an active output.

[l

As can be seen, CAM 100 returns at most a single match
(W, ... W,) for a given input bit pattern (assuming that a
unmique input bit pattern 1s loaded or stored in each word
compare circuit). The match (W1 . . . W,,) may then be
encoded to an address of the matched word.

TCAMSs are similarly constructed as seen 1 FIG. 2. A
TCAM offers the ability to mask certain input bits per entry,
turning these mput bits mto “don’t care” bits. For example,
whereas the mput bit pattern “011” would vyield a single
match using a CAM, it 1s possible to specily that the first bit
“0” 1s a “don’t care” for a specific entry. In this case, the first
bit 1s said to be “masked” during the comparison process, and
the result matches against either stored bit pattern “111” or
“011”. For TCAMSs, 1t 1s common for multiple entries to
match, and the first match 1s typically selected and the address
of the first match encoded.

The difference between FI1G. 2 (TCAM) and FIG. 1 (CAM)
1s the presence of the mask bit storage cells M1, M2, and M3,
and the extra OR gates 202, 204, and 206. Each OR gate 1s
inserted between the output of the XNOR gate and the mnput
of the AND gate 1n each bit compare circuit. For example, OR
gate 204 has two 1nputs: the output of XNOR gate 132 and the
value of the mask bit 1n mask bit storage cell M1. It should be
apparent to one skilled 1n the art that when the mask bit 1s “0”,
the associated TCAM bit storage circuit functions 1n the same
manner as the CAM bait storage circuit of FIG. 1. When the
mask bit 1s “17, the associated TCAM bit storage circuit
implements the “don’t care” function.

As mentioned, both CAMs and TCAMSs are implemented
using SRAM technology. SRAM technology, as 1s known,
suifers from soit errors, which 1s attributed to the presence of
naturally occurring alpha particles. SRAM memory chips,
which are employed to store data for use by computer appli-
cations and/or the operating system, may employ error cor-
recting code (ECC) or parity bits for the stored words. For
example, a parity bit may be stored for each data word written
into the SRAM memory chip. Parity checking may be per-
formed after reading the stored data word from the SRAM
memory to ensure data integrity. By checking for parity, a soft
error on one of the stored bits can be detected betfore a stored
data word 1s utilized.

With CAMs and TCAMs, error detection 1s more difficult
since the corruption of one or more bits may still yield a match
output, albeit the wrong match output. For example, 1f a
stored bit pattern “101” 1s corrupted and becomes “001” due
to a soft error on the most significant bit, inputting a bit pattern
of “001” may yield a match output, albeit a match output that
1s due to soft error. The input bit pattern “101” may yield a “no
match” result, which 1s also a legitimate output for CAMs and
TCAMSs. Thus, unlike SRAM memory chips, the outputs of
CAMs and TCAMs (which reflect a match or no match) do
not lend themselves to parity checking easily. This 1s because
the output of a CAM/TCAM 1s either a no-match or a match
(which 1s then decoded 1nto an output address) instead of the
stored bits themselves (as in the case with SRAMSs). Accord-
ingly, performing parity/ECC on the CAM/TCAM output
would not reveal the data corruption that occurs to the stored
bit pattern inside the CAM/TCAM. This 1s 1n contrast to the
case with SRAM, whereby the output 1s the read stored bit
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pattern itself and parity/ECC can be applied to the stored bit
pattern read from memory prior to use.

Data corruption 1s also exacerbated as the device geom-
etries shrink. As devices become smaller, the compare value
storage cells and/or the mask bit storage cells become more
susceptible to data corruption. Additionally, as CAMs and
TCAMSs become denser and include a larger number of stor-
age cells, the probabaility of corruption to one of the stored
compare value bits or stored mask bits increases. Further-
more, as manufacturers pack more devices 1into smaller form
factors, devices are being placed near and/or under area
bumps (1.e., the connection points to connect the chip to the
outside world). It has been found that storage cells near and/or
under the area bumps tend to suffer a higher rate of soft errors.

Because of the increased likelihood of soft errors, manu-
facturers have become concerned over CAM and TCAM
reliability. To the inventor’s knowledge, the solution thus far
has been to periodically reload the CAMs and TCAMs with
fresh compare values and/or fresh mask bit values. However,
this approach 1s ineflicient since the CAMs/TCAMs are
essentially unusable during the loading process. Further-
more, from the time the soft error occurred until the CAM/
TCAM 1s reloaded, 1incorrect results may occur.

In view of the foregoing, improved solutions for managing,
soft errors in CAMs/TCAMs are needed.

SUMMARY OF THE INVENTION

The invention relates, 1n an embodiment, to a method for
remedying data corruption in a ternary content addressable
memory (TCAM) mtegrated circuit (IC). The TCAM IC has
a plurality of word compare circuits, each of the plurality of
word compare circuits being configurable to perform either a
compare function or a parity checking function during a given
cycle of the TCAM IC. The method 1ncludes selecting the
TCAM IC to perform either the compare function or the
parity checking function, the compare function and the parity
checking function being performed by mutually exclusively
shared dual function logic circuitry in the each of the plurality
of word compare circuits that performs the compare function
and the panty checking function in the alternative 1n any
given cycle ofthe TCAM IC. The method includes processing
outputs of the word compare circuits as TCAM match results
if the TCAM IC 1s selected to perform the compare function.
The method further includes processing outputs of the word
compare circuits as parity error signals 1f the TCAM IC 1s
selected to perform the parity checking function.

In another embodiment, the invention relates to a ternary
content addressable memory (TCAM) mtegrated circuit (I1C)
that includes a plurality of word compare circuits, each of the
plurality of word compare circuits being configurable to per-
form either a compare function or a parity checking function
during a given cycle of the TCAM IC. The TCAM IC further
includes mutually exclusively shared dual function logic cir-
cuitry in the each of the plurality of word compare circuits
that performs the compare function and the parity checking
function 1n the alternative in any given cycle of the TCAM IC,
wherein when the TCAM IC 1s selected to perform the com-
pare function, outputs of the word compare circuits represent
TCAM match results and when the TCAM IC 1s selected to
perform the parity checking function, outputs of the word
compare circuits represent parity error signals.

In yet another embodiment, the ivention relates to a
method for remedying data corruption 1n a ternary content
addressable memory (TCAM) integrated circuit (IC), the
TCAM IC having a plurality of word compare circuits, each
of the plurality of word compare circuits being configurable
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4

to perform either a compare function or a parity checking
function during a given cycle of the TCAM IC. The method
includes providing the TCAM IC having at least mutually
exclusively shared dual function logic circuitry 1n the each of
the plurality of word compare circuits, the mutually exclu-
stvely shared dual function logic circuitry includes shared
logic that 1s shared in a mutually exclusive manner by the
compare function and the parity checking function so as to
render the dual function logic circuitry incapable of perform-
ing both the compare function and the parity checking func-
tion 1n any one cycle of the TCAM IC. The method further
includes selecting the TCAM IC to enable the TCAM IC to
perform either the compare function or the parity checking
function. The method additionally includes processing out-
puts of the word compare circuits as TCAM match results 1
the TCAM IC 1s selected to perform the compare function.
The method also 1ncludes processing outputs of the word
compare circuits as parity error signals 1f the TCAM IC 1s
selected to perform the parity checking function.

In various embodiments, the same conductor line from bit
line stage to bit line stage in each word compare circuit 1s
employed to alternately convey the compare result informa-
tion or the parity-related information, depending on the mode
of operation of the TCAM. This sharing of the conductor line
improves the efficiency of the resultant TCAM. Further, the
same encoder 1s shared, 1n various embodiments, by the plu-
rality of word compare circuits to identify the identity of the
word compare circuit that outputs the first match (if the com-
pare function 1s enabled) or to identity the word compare
circuit that produces the first parity error (11 the parity check-
ing function i1s enabled and such an error exists). The sharing
ol the encoder turther improves the efficiency of the resultant
TCAM.

These and other features of the present invention will be
described in more detail below 1n the detailed description of
the invention and in conjunction with the following figures.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention 1s illustrated by way of example, and
not by way of limitation, in the figures of the accompanying
drawings and in which like reference numerals refer to similar
elements and 1n which:

FIG. 1 shows a portion of an example prior art CAM.

FIG. 2 shows a portion of an example prior art TCAM.

FIG. 3 shows, 1n accordance with an embodiment of the
present invention, a parity-checking CAM arrangement for
remedying storage bit corruption.

FIG. 4A shows, 1n accordance with an embodiment of the
present invention, a tlowchart for implementing scrubbing on
the CAM to detect and/or correct the corruption of the stored
bit pattern using parity.

FI1G. 4B shows, 1n accordance with an embodiment of the
present invention, a flowchart for implementing scrubbing on
the CAM to detect and/or correct the corruption of the stored
bit pattern using ECC.

FIG. 5 shows, 1n accordance with an embodiment of the
invention, a more complete example implementation of an
arrangement for remedying data corruption mm a CAM/

TCAM.

FI1G. 6 shows, 1n accordance with an embodiment, a sim-
plified block diagram view of the arrangement that facilitates
substantially contemporaneous detection of data corruption
in a CAM while performing a compare operation.

FI1G. 7 illustrates, 1n accordance with an embodiment of the
invention, the case wherein each of the stored mask bit pattern
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and the stored data bit pattern of a given word compare circuit
have their own respective additional parity bats.

FIG. 8 1llustrates, 1n accordance with an embodiment of the
invention, the case wherein a single additional parity bit 1s
provided for the stored mask bit pattern and the stored data bit
pattern of a given word compare circuit.

FIG. 9A shows, 1n accordance with an embodiment of the
present invention, a tlowchart for writing the additional parity

bit 1n order to facilitate parallel parity checking for data
corruption 1n a CAM/TCAM.

FIG. 9B shows, 1n accordance with an embodiment of the
an embodiment of the present invention, a tlowchart for par-
allel parity checking for data corruption in a CAM/TCAM.

FIG. 10 shows, 1n accordance with an embodiment of the
invention, a section of a word compare circuit of a TCAM that
employs dual-function logic blocks to alternately perform the
compare function or the parity checking function in different

TCAM cycles.

FIG. 11 shows, 1n accordance with an embodiment of the
invention, a tlowchart illustrating the operation of a TCAM
having dual function logic blocks that alternately perform th

compare function or the parity checking function in different
TCAM cycles.

FIG. 12 shows, 1n accordance with an embodiment of the
invention, an implementation wherein two dual function
logic sub-blocks are provided with each input bit to perform

the compare function or the parity checking function 1n dif-
terent TCAM cycles.

FIG. 13 shows, 1n accordance with an embodiment of the
invention, a flowchart i1llustrating the operation of a TCAM
having dual function logic sub-blocks that alternately per-

form the compare function or the parity checking function 1n
different TCAM cycles.

FIG. 14 shows, 1n accordance with an embodiment of the
invention, an example optimized implementation of the A-se-
ries logic sub-block.

FIGS. 15A and 15B 1llustrate, 1n accordance with embodi-
ments of the invention, two example optimized implementa-
tions of the B-series logic sub-block.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention will now be described 1n detail with
reference to a few preferred embodiments thereof as 1llus-
trated 1n the accompanying drawings. In the following
description, numerous specific details are set forth 1n order to
provide a thorough understanding of the present invention. It
will be apparent, however, to one skilled 1n the art, that the
present invention may be practiced without some or all of
these specific details. In other instances, well known process
steps and/or structures have not been described in detail 1n
order to not unnecessarily obscure the present invention. The
teatures and advantages of the present invention may be better
understood with reference to the drawings and discussions
that follow.

FIG. 3 shows, 1n accordance with an embodiment of the
present mvention, a parity-checking CAM arrangement for
remedying storage bit corruption. For easy understanding, the
examples herein focus primarily on CAMs. It should be
understood, however, that embodiments of the invention also
apply to TCAMs. Some details pertaining to TCAM adapta-
tion will be discussed. However, 1t 1s assumed that one skilled
in the art can apply conventional knowledge to adapt the
discussion to TCAMSs 1 certain details are not explicitly
mentioned.
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Referring back to FI1G. 3, there 1s shown a CAM block 302,
representing the circuitry that implements the above-dis-

cussed CAM function. CAM block 302 1s typically a circuit

provided by a CAM manufacturer who specializes 1n manu-
facturing CAMs. CAM block 302 includes a data bus 304

having N bits, and a set of CAM outputs 306 comprising M
outputs. In many cases, CAM block 302 represents circuitry
that cannot be easily modified and thus error detection/cor-
rection 1s implemented using a circuit that 1s external to the
circuit that implements CAM block 302.

There 1s also an address bus 308 having an adequate num-
ber of bits to cover all the M word compare circuits within

CAM block 302. In the case of CAM, for example, 11 there are

8word compare circuits, the address bus may contain 3 bits
(since 23 covers all 8 word compare circuits). If FIG. 3
reflects a TCAM instead, address bus 308 may include an
extra address bit to specily whether the data being accessed
(for reading or writing) pertains to the compare values or the
mask bits. Alternatively, the TCAM may employ a separate
signal to specity whether the data being accessed (for reading
or writing) pertains to the compare values or the mask bits.

Read signal 310 represents the signal employed to read a
bit pattern from a particular address specified by address bus
308, which bit pattern may represent either the stored com-
pare values or the stored mask bits (for TCAMs) as specified.
The read bit pattern are output on an output data bus 320.

Write signal 312 represents the signal employed to write a
bit pattern presented on 1nput data bus 304 to a particular
address specified by address bus 308. The bit pattern written
may represent either the stored compare values or the stored
mask bits as specified. Similarly, compare signal 314 repre-
sents the signal employed to compare a bit pattern presented
on input data bus 304 against the stored bit patterns within the
CAM. For a TCAM the stored mask data 1s used during the
compare operation to select what bits to compare for that
entry.

Output bus 306 1s encoded into an address and a valid
signal by encoder 330. The address 1s then utilized by other
circuitry in order to, for example, route IP packets. The valid
signal indicates that there 1s a valid match. If no valid signal 1s
asserted, no match 1s found for the iput bit pattern. For
TCAMSs, encoder 330 additionally includes circuitry to select
the first match from the (possible) plurality of matches (which
are the result of don’t care bits).

Since CAM block 302 1s typically provided by a CAM
manufacturer, 1t 1s oiten not possible to modify the circuitry
within CAM block 302 to implement parity checking and/or
ECC 11 such capability 1s not provided. In accordance with an
embodiment of the present invention, an external RAM may
be employed to provide the parity and/or ECC function for the

data stored in CAM block 302.

For example, an external RAM 352 1s coupled to a parity
generator circuit 354, which generates a parity value from the
data present at input data bus 304. Fach time a pattern 1s
written into CAM block 302, a computed parity value 1s
written into external RAM 352 at the address specified by

address bus 308. Thus each stored bit pattern in CAM 302 has
a corresponding parity value in external RAM 352.

In the case of a CAM having M word compare circuits, the
depth of external RAM 352 1s M (1.e., there are M parity bits
stored 1in external RAM 3352). In the case of a TCAM having
M word compare circuits, the depth of external RAM 352 1s
M*2 since there are M parity bits for the stored compare
values and M parity bits for the stored mask values. Inthe case
of a TCAM having M word compare circuits and N bits per
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word, 1 ECC 1s implemented (single bit detection, double b1t
correction), log 2(N) bits are provided 1n external RAM 352
per CAM word.

It has been noted by the inventor herein that a typical
CAM/TCAM may be idle for some percentage of time. In
other words, there are periods of time during operation when
no reading, writing, or comparing activities mvolving the
CAM/TCAM occurs. The inventor herein realizes that 11 this
time can be employed to scrub the content of the CAM/
TCAM to detect and/or correct the data corruption, the reli-
ability of the CAM/TCAM may be vastly improved with
mimimal or no time overhead to the overall system perfor-
mance. However, 1t should be understood that if data protec-
tion 1s a high priority, scrubbing may also be performed
during a non-idle cycle, 1.e., a cycle specifically allocated for
the scrubbing even though the CAM/TCAM may not have
any 1dle cycle to spare.

FIG. 4A shows, 1n accordance with an embodiment of the
present invention, a flowchart for implementing scrubbing on
the CAM to detect and/or correct the corruption of the stored
bit pattern using parity. Generally speaking, an arbiter 1s
employed to monitor for inactivity on the CAM. For example,
the arbiter circuit may monitor the read, write, and compare
signals for 1nactivity. If no reading/writing/comparing
occurs, the CAM 1s deemed 1dle or 1n an 1dle cycle (402) and
scrubbing may commence.

Asthe term 1s employed herein, scrubbing refers to sequen-
tially crawling (1.e., reading, checking and correcting 1 nec-
essary) through the stored bit patterns during one or more
cycles of the CAM. Although scrubbing may be performed to
advantage during i1dle cycles, scrubbing may also be per-
formed during non-1idle cycles (i.e., during cycles allocated
for the scrubbing activity although the CAM or TCAM may
not have idle cycles to spare). The cycles during which scrub-
bing occurs are referred to herein as scrubbing cycles and may
represent either 1dle cycles or non-idle cycles.

To implement scrubbing in the present example, the
method sequentially “crawls” through the stored bit patterns
stored in CAM 302 and performs parity checking (406) on
cach stored bit pattern read (404) from CAM 302. In parallel,
the parity/ECC information 1s also read from external
memory 3352.

In step 406, the result of the parity checking on the stored
bit pattern read 1s either pass or fail. If pass, the address 1s
incremented (410) to allow the next bit pattern to be
“scrubbed,”, 1.e., read from CAM 302 and checked. Note that
the next stored bit pattern 1s not read until there 1s an idle cycle
in the CAM or until scrubbing 1s deemed necessary (in which
case, a non-idle cycle may be allocated for scrubbing). In
some cases, a stored bit pattern may be read and checked, and
the CAM may proceed with some read/write/compare activ-
ity with respect to the data stored in the CAM before the next
stored bit pattern may be read and checked. If there 1s no
read/write/compare activity with respect to the data stored in
the CAM, stored bit patterns may be read and checked con-
secutively without interruption.

I fail, the error 1s remedied in step 412. The remedy may
include, for example, interrupting the CPU and reloading the
failed bit pattern from an external data store to CAM 302.

FIG. 4B shows, 1n accordance with an embodiment of the
present invention, a tlowchart for implementing scrubbing on
the CAM to detect and/or correct the corruption of the stored
bit pattern using ECC. Generally speaking, an arbiter 1s
employed to monitor for inactivity on the CAM. For example,
the arbiter circuit may monitor the read, write, and compare
signals for 1nactivity. If no reading/writing/comparing
occurs, the CAM 1s deemed idle (452) and scrubbing may
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commence. As mentioned, scrubbing may also employ a non-
idle cycle if scrubbing 1s deemed a high enough priority
activity to justily the use of a non-idle cycle. To implement

scrubbing, the method “crawls™ through the stored bit pat-
terns stored in CAM 302 and performs checking (456) on

cach stored bit pattern read (454) from CAM 302.

In step 456, the result of the error checking 1s either pass or
tail. If pass, the address 1s incremented (460) to allow the next
bit pattern to be read from CAM 302 and checked. This step
460 1s stmilar to step 410 1n FIG. 4A. If fail, ECC 1s employed
in step 462 to correct the error and to reload the corrected bat
pattern to CAM 302 during the next 1dle cycle, for example.
During EEC correction, an interlock mechanism may be
employed, 1n an embodiment to prevent the CPU from writing
to the bit pattern being corrected.

With respect to FIGS. 4A and 4B, 1f a TCAM 1s mvolved
instead ol a CAM, the bit pattern read/checked/corrected may
pertain to either the compare value stored bits or the mask
value stored bits. Whether the compare value stored bits or the
mask wvalue stored bits are read/checked/corrected may
depend on the address specified (if an extra address bit 1s
employed to distinguish between stored compare values and
stored mask values) or on the state of the extra signal
employed to distinguish between stored compare values and
stored mask values. In an embodiment, parity/ECC check
may be performed on the combined compare value stored bits
and the mask value stored bits. In this embodiment, both
words may be read and a single parity/ECC check may be
performed on both words.

FIG. 5 shows, 1n accordance with an embodiment of the
invention, a more complete example implementation of an
arrangement for remedying data corruption in CAM/TCAM
502, including the external RAM 504, and an arbiter circuit
506 which monitors for mactivity on the CAM/TCAM, and
ECC/parity generator circuit 308. FIG. 5 also includes a state
machine 510, representing a circuit that implements the
method described in connection with FIG. 4A or FIG. 4B.
There 1s also shown an encoder circuit 512, the function of
which has been described earlier 1n connection with FIG. 3.

Generally speaking, state machine 510 1s granted the low-
est priority by arbiter 506 such that scrubbing occurs when
there are no reading/writing/comparing activities on the

CAM/TCAM 502. During scrubbing, state machine 510
crawls through the content of CAM/TCAM 502 to scrub
errors. State machine 510 may sequentially read stored data
patterns from CAM/TCAM 502 and corresponding parity/
ECC information from external RAM 3504 to generate an error
signal 520 11 an error 1s detected. Multiplexers 530 and 532
facilitate reading from the CAM/TCAM 502 and external
RAM 504. Error signal 520 may be employed to initiate error
remedy as discussed. IT ECC correction 1s performed by state
machine 510, for example, multiplexers 530, 534, and 536
tacilitate writing the corrected bit pattern (and computed
parity/ ECC information) to CAM/TCAM 502 and external
RAM 504 respectively. Multiplexer 536 may be employed
during ECC and 1s controlled by state machine 510.

Although the embodiments discussed 1n connection with
FIGS. 3-5 offer the ability to detect and/or correct errors 1n
CAMs/TCAMs when the CAM block or the TCAM block
cannot be easily modified, 1t 1s possible that an error may exist
with respect to one of the stored bit patterns for some period
of time before the error can be discovered by the crawling/
scrubbing mechamism. Before such an error 1s discovered, the
error may cause the CAM or TCAM to provide erroneous
comparison results.

In alternative embodiments, the mmvention provides for
arrangements and methods to facilitate more rapid detection
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of data corruption 1n a CAM or TCAM. In an embodiment,
error checking 1s provided on all the stored bit patterns (i.e.,
all the stored data bit patterns in the case of CAMs or all the
stored data and mask bit patterns in the case of TCAMs) every
time a comparison 1s made. The error checking 1s performed
substantially contemporaneously with the comparison opera-
tion. If an error 1s detected with respect to any of the stored bit
patterns, the comparison result may be discarded and action
may be taken to remedy the error.

In an embodiment, each of the stored bit patterns in a CAM
1s provided with an additional parity bit so as to enable the
combined stored bit pattern (comprising the original stored
bit pattern and the additional parity bit) to have an odd number
of 1’s. Error detection may then be performed on the entire
combined stored bit pattern to detect 11 one of the stored bits
has tlipped, causing the combined stored bit pattern to have an
even number of 1°s.

In an embodiment, the stored bits of a particular combined
stored bit pattern may be XOR-ed together to yield an error
detection signal. The error detection signal would have a
value of 1 1f there 1s an odd number of 1°s 1n the combined
stored bit pattern; otherwise the error detection signal would
have a value of zero 1f there 1s an even number of 1°s (as would
be the case 1 one of the stored bits of the combined stored bit
pattern 1s corrupted). In this example, 11 the error detection
signal 1s zero, there 1s an error with the stored bit pattern.

The error detection signals for individual word compare
circuits may be AN Ded together to yield a global error
detection signal. In this example, the global error detection
signal for all the all the word compare circuits would have a
value of 1 if no errors are detected 1n any of the combined
stored bit patterns. It at least one of the error detection signals
has the value of zero (indicating an error with 1ts respective
combined stored bit pattern), the global error detection signal
would have a value of zero.

Note that the odd/even designations and/or the 1/0 desig-
nations are arbitrary. In other words, the additional parity bit
may be used to ensure that the combined stored bit pattern has
an even number of 1’s. In this example, the error detection
signal for the combined stored bit pattern would be O 1f there
1s no data corruption. Otherwise, the error detection signal for
the combined stored bit pattern would have a value of 1 1f one
of the stored bits 1s corrupted. To complete this example, the
global error detection signal would be generated by ORing all
the individual error detection signals, and a value of O for the
global error detection signal indicates that there 1s no data
corruption 1n any of the stored bit patterns. If the global error
detection signal 1s a ““1”, a data corruption error has occurred
with respect to one of the stored bit patterns.

Note also that the detection function may be performed by
an XORing or XNORing. For TCAMSs, an additional parity
bit may be provided for the stored mask bits of a word com-
pare circuit (ol which there are many in a TCAM). Both the
stored data bit pattern and the stored mask bit pattern of a
given word compare circuit may be watched by an appropri-
ate circuit (such as by XORing), resulting in a single error
detection signal for both the stored data bit patterns and the
stored mask bit patterns of the TCAM.

The features and advantages of these alternate embodi-
ments may be better understood with reference to the figures
below and the associated discussion. FIG. 6 shows, 1n accor-
dance with an embodiment, a simplified block diagram view
of the arrangement that facilitates substantially contempora-
neous detection of data corruption in a CAM while perform-
ing a compare operation. The devices for performing the
actual compare has been omitted to simplify the illustration.
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These devices may be found 1n earlier drawings herein.

In FIG. 6, two example word compare circuits 602 and 604
are shown. For each word compare circuit, compare value
storage cells D1, D2 and D3 contain the stored data values
used in the compare operation. In other words, compare value
storage cells D1, D2 and D3 form the stored bit pattern against
which data appearing on bit lines B1, B2, and B3 may be
compared against.

There 1s also shown an additional parity bit storage cell Dp
for each of the stored bit patterns. Thus, with respect to the
stored bit pattern 1n word compare circuit 602, additional
parity bit storage cell 606 1s provided. The stored bit 1n addi-
tional parity bit storage cell 606 and compare value storage
cells D1, D2, and D3 make up the combined stored bit pattern.

Suppose that the additional parity bit 1s provided to ensure
that the number of 1’s 1n the combined stored bit pattern 1s
odd. With respect to word compare circuit 602, the stored bat
pattern 1s 011 and thus a *“1” would be stored into the addi-
tional parity bit storage cell 606 to ensure that the combined
stored bit pattern has an odd number of 1°s.

The output of the storage cells of a word compare circuit
(e.g., the additional parity bit 606 and the stored bits D1, D2,
and D3) are X-ORed together 1n a cascading manner (via
XOR gates 610, 612, and 614) to form an error detection
signal 616. Other word compare circuits of the CAM (e.g.,
word compare circuit 604) may be similarly constructed.

The error detection signals of different word compare cir-
cuits of the CAM (e.g., error detection signals 616 and 618 of
word compare circuits 602 and 604) are AND-ed together to
form a global error detection signal 620. In this example,
global error detection signal 620 has a value of “1”” 11 each of
the combined stored bit patterns in the word compare circuits
of the CAM has an odd number of 1°s. I a stored data bit 1n
word compare circuit 602 had been corrupted and had been
tlipped, the number of 1’s in the combined stored bit pattern
would have been even, and the error detection signal for word
compare circuit 602 would have the value of zero. The pres-
ence ol a zero at the imput of AND gate 622 causes AND gate
622 to output a zero, signaling an error.

Note that unlike the embodiments discussed 1n FIGS. 1-5,
this 1implementation allows an error with any of the word
compare circuits of the CAM/TCAM, to be detected substan-
tially contemporaneous with a compare. There 1s no need to
wait for the state machine to crawl through the stored bit
patterns during 1dle cycles. Upon detection of an error, the
current compare operation may be immediately 1mvalidated
and the error may be remedied.

In an embodiment, the error may be remedied by reloading
and/or by performing error correction on all the stored bit
patterns of the CAM/TCAM. In another embodiment, the
error may be remedied by reloading and/or by performing
error correction on only the stored bit pattern associated the
word compare circuit from which an error detection signal
indicates an error. For example, an optional encoder 630 may
be coupled to all error detection signals 616, 618, etc. to
provide the address of the first error with which to reload
and/or perform error correction on the stored bit pattern
within word compare circuit 602. If there are multiple errors
on multiple stored bit patterns, the errors may be detected and
remedied one-by-one until all errors i the word compare
circuits are remedied.

In the case of a TCAM, each of the stored mask bit patterns
and stored data bit patterns may have its own additional parity
bit. In an embodiment, a first error detection signal 1s gener-
ated for the stored mask bit pattern by XOR-1ng the mask bits
and the additional parity bit for the stored mask bit pattern. A
second error detection signal 1s generated for the stored data
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bit pattern by XOR-1ng the stored data bits and the additional
parity bit for the stored data bit pattern. The first error detec-
tion signal and the second error detection signal may then be
AND-ed to generate a single error detection signal for both
the mask bit pattern and the stored data bit pattern. This
embodiment 1s shown 1n FIG. 7 wherein the first error detec-
tion signal 702 for the stored data bit pattern 1s combined via
AND gate 704 with the second error detection signal 706 to
generate a single error detection signal 708 for word compare
circuit 710.

An encoder 716 may be employed with an error detection
signal 708 of word compare circuit 1 and an error detection
signal 730 of word compare circuit 2 (and error detection
signals of other word compare circuits that are not shown 1n
FIG. 7) to inform the CPU of the identity of word compare
circuit associated with the first error 1n order to allow the CPU
correct and/or reload the bit patterns therein. Note that this
encoder may not be necessary 1f error remedy involves
reloading and/or performing error correction on all the stored
data and/or mask bits.

In another embodiment, the additional parity bit for the
stored data bit pattern and for the stored mask bit pattern are
provided with data to allow the total number of 1’s for the
combined bit pattern that includes the original stored data bit
pattern, the original stored mask bit pattern and the additional
parity bit to have an odd number of 1’s. Parity detection may
be made on this combined bit pattern. FIG. 8 shows such an
implementation wherein the error detection signal 802 1is
activated 1f the total number of 1°s 1n the stored data bit
pattern, the stored mask bit pattern, and the extra parity bit 1s
other than odd. The single additional parity bit may be
coupled to either storage cells for the stored data bit pattern or
the stored mask bit pattern.

In an embodiment, the value of the additional parity bit
associated with the stored data bit pattern ensures that the
total number of 1’s 1n the combined stored data bit pattern 1s
even. The value of the additional parity bit associated with the
stored mask bit pattern ensures that the total number of 1’s 1n
the combined stored data bit pattern 1s odd. Taken together,
the number of 1’s 1n the combination of both the combined
stored data bit pattern and the combined stored mask bit
pattern 1s odd when there 1s no data corruption. Note that one
may also implement such error detection capability by using
the additional parity bit to ensure that the total number of 1°s
in the combined stored data bit pattern 1s even. The additional
parity bit associated with the stored mask bit pattern ensures
that the total number of 1°s 1n the combined stored mask bit
pattern 1s odd. In this manner, the total number of 1’s for the
word compare circuit 1s 1 11 there 1s no error, and conversely,
zero 1f there 1s an error.

FIG. 9A shows, 1n accordance with an embodiment of the
present invention, a flowchart for writing the additional parity
bit 1n order to facilitate parallel parity checking for data
corruption in a CAM/TCAM. In step 902, the write operation
(for the stored data bit pattern and/or the stored mask bait
pattern) commences. In step 904, the additional parity bit
value 1s generated for the stored bit pattern associated with the
current write operation in order to comply with a given parity
checking policy (i.e., etther odd parity or even parity). In step
906, the additional parity bit value and the stored bit pattern
values are stored in the CAM/TCAM.

FIG. 9B shows, 1n accordance with an embodiment of the
an embodiment of the present invention, a tlowchart for par-
allel parity checking for data corruption ina CAM/TCAM. In
step 952, the compare operation (using the input data against
the stored data bit pattern and/or the stored mask bit pattern)
commences. In step 934, data corruption detection 1s per-
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formed using the error detection signals generated for the
word compare circuits of the CAM/TCAM. It an error 1s
detected (956), error remedy 1s performed (958). On the other
hand, 1t an error 1s not detected, the result of the compare
operation 1s accepted for use (960).

As can be appreciated from the foregoing, embodiments of
the invention associated with FIGS. 6-8 ensure that data cor-
ruption error can be rapidly detected 1n every compare cycle.
Since parity checks are performed 1n parallel for all stored bit
patterns, the corruption of any of the stored bit patterns, even
one not mvolved 1n the ongoing compare operation, may be
readily detected. Further, since the parity checks are per-
formed 1n parallel with the compare operation, no additional
time delay 1s required.

In the TCAM 1mplementation of FIG. 7, for example, at
least two additional XOR gates (740 and 750) are provided
for each input bit (e.g., each o1 B1, B2, B3, etc.) of each word
compare circuit 1n order to facilitate parity checking. Note
that these XOR gates are 1n addition to the circuitry employed
to perform the compare operation. An example of such com-
pare circuitry 1s shown in FIG. 2 herein.

It 1s noted by the inventor herein that while these additional
XOR gates, which exist in addition to the compare circuitry in
the TCAM, permit stmultaneous parallel parity checking dur-
ing each compare cycle, these additional XOR gates contrib-
ute to a high gate count and may, 1n some cases, render the
resulting TCAM si1ze unduly large. It 1s realized by the inven-
tor herein that there exists some duplication of circuitry
between the compare circuitry and the parity checking cir-
cuitry associated with each input bit. The inventor further
realizes that the high number of gate count 1s present to
facilitate the simultaneous performance of both the parity
checking function and the compare function 1 a given
TCAM cycle (as 1n the case discussed 1n connection with
FIG. 7). As the term 1s employed herein, the compare function
refers to the operation that compares the input values on the
input bit lines against the stored data values with possible
masking using the stored mask values. The parity checking
function refers to the operation that ensures that the values of
the stored data bits and/or stored mask bits are not corrupted
by checking the values of the combined bit pattern that
includes the extra parity bit(s), the stored data bits and/or the
stored mask bits for conformance with some parity policy. It
one function instead of both (1.e., either the parity checking
function or the compare function instead of both) 1s per-
formed during any given TCAM cycle, some gates may be
employed to perform either function in different TCAM
cycles (e.g., shared by both functions but employed 1n differ-
ent TCAM cycles), resulting in smaller, more eflicient logic
circuitry.

FI1G. 10 shows, 1n accordance with an embodiment of the
invention, a section 1002 of a word compare circuit 1004 of a
TCAM that employs dual-function logic blocks to alternately
perform the compare function or the parity checking function
in different TCAM cycles. In FIG. 10, there are shown two
parity bit storage cells Dp and Mp to facilitate parity checking
of the stored data bits and the stored mask bits respectively 1n
accordance with some predefined parity checking policy (i.e.,
either positive parity or negative parity). These parity bit
storage cells are written via a parity bit line Bp shown.

There are shown two input bit lines B1 and B2, represent-
ing some of the mput bit lines that provide the value to be
compared by word compare circuit 1004. Although a typical
word compare circuit may employ many more input bit lines,
those are not shown 1n FIG. 10 to avoid unnecessarily clut-
tering up the 1llustration.
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Each input bit line 1s associated with a stored data bitand a
mask bit, which are employed for comparison purposes.
Thus, input bit line B1 1s associated with stored data bit D1
and mask bit M1, while 1input bit line B2 1s associated with
stored data bit D2 and mask bit M2.

There are shown a plurality of dual function logic blocks
1030, 1032, and 1034 associated with bit lines Bp, B1, and
B2. Each dual function logic block 1s configured to perform
cither the compare function or the parity checking function,
depending on the state of select line “Parity” 1040. In an
embodiment, 1f parity line 1040 1s low, the dual function logic
blocks act as compare circuits, and the outputs from the word
compare circuits represent compare results. If parity line
1040 1s low (1.e., the compare function 1s enabled), the output
of dual function logic block DFp associated with the parity bit
stage 1s a 1. If parity line 1040 1s high, the dual function logic
blocks act as parity checking circuits, and the outputs from
the word compare circuits represent parity error signals. IT
parity line 1040 1s high (1.e., the parity checking function 1s
enabled), dual function logic block DFp associated with the
parity bit stage outputs the appropriate parity information into
the next stage. It should be noted at this point that the choice
of polanty discussed above, as 1s the case throughout this
disclosure, 1s arbitrary and may be reversed 11 desired for a
particular implementation. Depending on the state of parity
line 1040, an appropriate encoder may then be employed to
detect the word compare circuit that outputs the first match or
the word compare circuit that produces the first parity error (1f
a party error exists).

Table 1 shows a logic table for the dual function logic block
(e.g., 1032 or 10. In Table 1, P represents the state of parity
line 1040; M represents the value of the mask bit associated
with the dual function logic block (e.g., M2 for DF2); D
represents the value of the stored data bit associated with the
dual function logic block (e.g., D2 for DF2); B represents the
input bit value associated with the dual function logic block
(e.g., B2 for DF2); and PB represents the previous bit value,
1.€., the value output by the previous dual function logic block
(e.g., the value output by DFI for inputting into DF2). In Table
1, the notation in represents the output of the dual function
logic block, and the notation X represents the “don’t care”
condition.

TABLE 1

Row # P M D B PB fn
1 0 X X X 0 0
2 0 0 0 0 1 1
3 0 0 0 1 1 0
4 0 0 1 0 1 0
5 0 0 1 1 1 1
6 0 1 X X 0 0
7 0 1 X X 1 1
2 ‘ 0 0 X 0 0
9 0 0 X 1 1
10 0 1 X 0 1
11 0 1 X 1 0
12 1 0 X 0 1
13 0 X 1 0
14 1 X 0 0
15 1 X 1 1

Although active-high logic 1s contemplated 1n the example
of Table 1, active-low logic may also be implemented. The
physical implementation of the dual function logic block
from the logic table of Table 1 may vary. Various techniques,
including computer-assisted circuit synthesizing techniques,
exist for optimizing and creating logic circuitry for imple-
menting the logic table of Table 1, and the mvention 1s not
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limited to any particular technique or any particular physical
implementation. For example, a Karnaugh map technique
may be applied and the resultant logic equations may be
employed to create logic gates. In general, the preference 1s
for a dual tunction logic block that consumes little energy, 1s
tast, small, easy to fabricate and/or inexpensive to make.

It 1s realized that when the parity checking function 1s
enabled (e.g., when the party line 1s driven high), the values at
the 1input bat lines (e.g., B1, B2, etc.) are don’t cares. In an
embodiment, the mput bit lines (e.g., B1, B2, etc.) may be
driven low when the party checking function is enabled (e.g.,
when the parity line 1s driven high) 1n order to further simplify
the implementation of the dual function logic blocks. The
same consideration applies to the implementation discussed
later 1n connection with Tables 2 and 3 below.

In an embodiment, 1t 1s contemplated the TCAM size may
be made smaller when there exists at least one logic gate in the
dual function logic block that 1s shared 1n a mutually exclu-
stve manner by both functions (1.e., the same shared logic gate
it 1s used by either the compare function or the parity checking
function 1n different cycles). Techniques for creating logic
circuitry from Table 1 to enable a given logic gate to be shared
in a mutually exclusive manner responsive to a selection
signal, by two operations are known. The existence of the
shared logic gate reflects an elimination of at least one dupli-
cate logic gate that exists when both functions may be per-
formed simultaneously in the same cycle. The existence of the
mutually exclusively shared logic gate or mutually exclu-
stvely shared logic circuitry renders, 1n an embodiment, the
dual function logic block capable of either the parity checking
function or the compare function 1n the same cycle, but not
both functions in the same TCAM cycle.

Furthermore, 1n FIG. 10 and a subsequent FIG. 12 herein,
note that a single line connects one stage to the next stage in
cach word compare circuit. For example, a single line 1050 1n
FIG. 10 (or 1250 1n FIG. 12) connects the parity bit stage to
the first bit line B1 stage 1n the word compare circuit shown.
Likewise, a single line 1060 (or 1260 1n FIG. 12) connects the
first bit line stage B1 to the second bit line stage B2 1n the
word compare circuit shown. This single line (e.g., 1050,
1060, 1250, or 1260) carries either the match information or
the parity information depending on the function being per-
formed by the dual function logic block. The sharing of a
single line (1nstead of using two lines) to carry the matching
information and the parity information from stage to stage 1n
cach word compare circuit further improves the efliciency of
the TCAM from both an electrical standpoint and a physical
s1ze standpoint.

Additionally, the output of each word compare circuit also
employs a single line to convey either the match information
or the parity information. This sharing again improves the
elficiency of the resulting TCAM. The outputs from the word
compare circuits of the TCAM may then be decoded using, 1n
an embodiment, the same decoder to ascertain the word com-
pare circuit that produces the first match (if the compare
function 1s activated) or the word compare circuit that pro-
duces the first parity error (if the parity checking function 1s
activated). The sharing of a single encoder circuit to perform
cither the compare result decoding function or the parity
check result decoding function also improves the efliciency
of the TCAM 1rom both an electrical standpoint and a physi-
cal size standpoint.

FI1G. 11 shows, 1n accordance with an embodiment of the
invention, a tlowchart illustrating the operation of a TCAM
having dual function logic blocks that alternately perform the
compare function or the parity checking function in different

TCAM cycles. In step 1102, a TCAM circuit having dual
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tfunction logic blocks 1s provided. In step 1104, the state of the
parity line 1s set 1n order to configure the dual function logic
blocks within the TCAM to perform either the parity check-
ing function or the compare function. In general, 1t 1s not
necessary to perform the parity checking function and the
compare function in a 1-to-1 ratio. In some cases, 1t may be
advantageous to perform parity checking after N compare
cycles, whereby N is an integer. Generally speaking, frequent
parity checking gives a greater assurance of the robustness of
the TCAM and a greater assurance that the compare result 1s
correct. However, a parity checking regime that 1s unduly
frequent suffers a higher overhead (1in term of processing
bandwidth) than a parity checking regime that only occasion-
ally checks for parity problems.

In an implementation, the TCAM 1s employed for IP (Inter-
net Protocol) address lookup, and an incoming packet may
require multiple compare cycles. In this case, a parity check-
ing cycle may be performed for each packet after the plurality
of compare cycles performed to accomplish the IP packet
address lookup are completed.

If the parity line 1s set to configure the dual function logic
blocks 1in the TCAM to perform the compare function, the
compare function 1s performed by the TCAM 1n step 1106.
The word compare circuit outputs of the TCAM are employed
as compare results. An appropriate encoder (not shown) may
then be employed to ascertain the word compare circuit that
produces the first match.

On the other hand, 1f the panity line 1s set to configure the
dual function logic blocks in the TCAM to perform the parity
checking function, the parity checking function 1s performed
(1108) simultaneously on all word compare circuits of the
TCAM by the dual function logic blocks therein. The word
compare circuit outputs of the TCAM are employed as parity
error signals. An appropriate encoder (e.g., the same encoder
employed when the compare function 1s enabled) may then be
employed to ascertain the word compare circuit that produces
the first parity error, 1f such a parity error 1s found.

In another embodiment, the dual function logic block may
be implemented by two separate dual function logic sub-
blocks. For example, dual tunction logic block DF1 of FIG.
10 may be implemented by two sub-blocks DF1A and DF1B.
Such implementation may be desirable 1n some cases (for
example from a physical size standpoint and/or timing con-
sideration standpoint).

FIG. 12 shows, 1n accordance with an embodiment of the
invention, such an implementation wherein two dual function
logic sub-blocks are provided with each mnput bit (B1, B2,
etc.) to perform the compare function or the parity checking
function in different TCAM cycles. FIG. 12 1s substantially
similar to FIG. 10 except that each of dual function logic
block DFp, DF1, DF2, etc., has been replaced by two dual
function logic sub-blocks. Thus dual function logic block
DF1 of FIG. 10 1s implemented by dual function logic sub-
blocks DF1A and DF1B of FIG. 12, for example.

Note that dual function logic sub-block DF2A (i.e., the “A”
series sub-block) receives as mputs the stored data bit (e.g.,
D2), the mask bit(e.g., M2), the input value (e.g., B2), and the
parity selection line (e.g., either high or low to configure the
A series sub-blocks to act as compare circuit sub-blocks or
parity checking sub-blocks). Dual function logic sub-block
DEF2B (1.e., the “B” series sub-block) recetves as mputs the
output of its associated A-series sub-block (e.g., the output of
the A-series sub-block DF2A 1s input into the B-series sub-
block DF2B), the mask bit (e.g., M2), the output from the
previous stage (e.g., the output from the B-series sub-block
associated with input bit line B1, DF1B, 1s mputted into the
B-series sub-block DF2B associated with imnput line B2), and
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the parity selection line (e.g., either high or low to configure
the B series sub-blocks to act as compare circuit sub-blocks or
parity checking sub-blocks).

Table 2 shows the logic table for the series A sub-blocks. In
Table 2, P represents the state of parity line 1040; M repre-
sents the value of the mask bit associated with the series A
sub-block (e.g., M2 for DF2A); D represents the value of the
stored data bit associated with the series A sub-block (e.g., D2
for DF2A); and B represents the mput bit value associated
with the series A sub-block (e.g., B2 for DF2A). In Table 2,
the notation TA represents the output of the series A sub-
block, and the notation X represents the “don’t care”™ condi-
tion. Although active-high logic 1s contemplated in the
example of Table 2, active-low logic may also be imple-
mented.

TABLE 2
Row # P M D B fA
1 0 X 0 0 1
2 0 X 0 1 0
3 0 X 1 0 0
4 0 X 1 1 1
5 1 0 0 X 1
6 0 1 X 0
7 1 0 X 0
3 1 1 X 1

Table 3 shows the logic table for the series B sub-blocks. In
Table 3, P represents the state of parity line 1040; M repre-
sents the value of the mask bit associated with the series B
sub-block (e.g., M2 for DE2B); A_OUT represents the output
of the assoicated A-series sub-block (e.g., the output of sub-
block DF2A for series B sub-block DF2B); and BP represents
the value of the output from the previous stage (e.g., the
output from the B-series sub-block associated with imput bit
line B1). In Table 3, the notation 1B represents the output of
the series B sub-block, and the notation X represents the
“don’t” condition. Although active-high logic 1s contem-
plated in the example of Table 3, active-low logic may also be
implemented.

TABL.
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Again, the physical implementations of these dual function
logic sub-blocks from the logic tables of Table 2 and Table 3
may vary. Various techniques, including computer-assisted
circuit synthesizing techniques, exist for optimizing and cre-
ating logic circuitry for implementing the logic tables of
Tables 2 and 3, and the mvention i1s not limited to any par-
ticular technique or any particular physical implementation.
For example, a Kamaugh map techmque may be applied and
the resulant logic equations may be employed to create logic
gates. In general, the preference (but not an absolute require-
ment) 1s for dual function logic sub-blocks that consume little
energy, are fast, small, easy to fabricate and/or inexpensive to
make.
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In an embodiment, 1t 1s contemplated the TCAM size may
be made smaller when there exists at least one logic gate in the
dual function logic sub-block (e.g., DF1A and/or DF1B) that
1s shared 1n a mutually exclusive manner by both functions
(1.e., the same shared logic gate 1s used by either the compare
function or the parity checking function 1 different cycles).
Techniques for creating logic circuitry from Table 2 and/or
Table 3 to enable a given logic gate to be shared, 1n a mutually
exclusive manner in different TCAM cycles responsive to a
selection signal, by two operations are known. The existence
of the shared logic gate reflects an elimination of at least one
duplicate logic gate that exists when both functions may be
performed simultaneously 1n the same cycle. The existence of
the mutually exclusively shared logic gate or mutually exclu-
stvely shared logic circuitry renders, 1n an embodiment, the
dual function logic sub-block capable of participating 1n
either the parity checking function or 1n the compare function
in the same cycle, but not both functions in the same TCAM
cycle.

FIG. 13 shows, 1n accordance with an embodiment of the
invention, a tlowchart illustrating the operation of a TCAM
having dual function logic sub-blocks that alternately per-
form the compare function or the parity checking function 1n
different TCAM cycles. In step 1302, a TCAM circuit having
dual function logic sub-blocks for each bit line 1s provided. In
step 1304, the state of the parity line 1s set in order to configure
the dual function logic sub-blocks within the TCAM to per-
torm either the parity checking function or the compare func-
tion.

If the parity line 1s set to configure the dual function logic
sub-blocks 1n the TCAM to perform the compare function,
the compare function is performed by the dual function logic
sub-blocks of the TCAM 1n step 1306. The word compare
circuit outputs of the TCAM are employed as compare
results. An appropriate encoder (not shown) may then be
employed to ascertain the word compare circuit that produces
the first match.

On the other hand, i1 the parity line 1s set to configure the
dual function logic sub-blocks in the TCAM to perform the
parity checking function, the parity checking function 1s per-
formed simultaneously on all word compare circuits of the
TCAM by the dual function logic sub-blocks therein. The
word compare circuit outputs of the TCAM are employed as
parity error signals. An appropriate encoder (e.g., the same
encoder employed when the compare function 1s enabled)
may then be employed to ascertain the word compare circuit
that produces the first parity error, 1f such a parity error 1s
found.

FIG. 14 shows, 1n accordance with an embodiment of the
invention, an example implementation of the A-series logic
sub-block (e.g., logic sub-block DF1A of FIG. 12) that 1s
optimized by having the mput bit line driven low when the
parity line 1s high (reflecting the selection of the parity check
function). In FIG. 14, the XOR gate 1s shared. Since XOR
gates tend to be large gates, the sharing of the XOR gate in the
A-series logic sub-block represents a significant efficiency
improvement. The optimization 1s possible because when the
parity line 1s high, the value of the input bit line 1s a “don’t
care.” Further, 1f the mask value M 1s 1 and the compare
function 1s enabled, the output value of the A-series logic
block 1s not employed by the B-series sub-block during the
compare operation.

FIGS. 15A and 15B 1illustrate, 1n accordance with embodi-
ments of the invention, two example optimized implementa-
tions of the B-series logic sub-block (e.g., logic sub-block
DF1B of FIG. 12). In FIGS. 15A and 15B, note that the

inverter for the parity line P may be eliminated 11 the inverted
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version of the signal P 1s employed. Although FIGS. 14, 15A,
and 15B represent some advantageous example implementa-
tions, i1t should be said that optimization implementations in
general depend on the optimization goal (e.g., whether speed
1s more 1mportant than physical dimension) as well as the
technology that 1s employed to create the logic gates. Other
implementations are possible to realize the logic disclosed
herein.

As can be appreciated from the foregoing, these embodi-
ments of the mvention enable parity checking in TCAM
cycles 1n which the compare function 1s not performed. Since
the logic circuitry performs either the compare function or the
parity checking function but not both 1n a given TCAM cycle,
some logic circuit duplication may be eliminated, resulting 1n
a smaller overall TCAM. Furthermore, during a TCAM cycle
when parity checking 1s undertaken, the stored data bit pat-
terns and the stored mask bit patterns in the word compare
circuits are checked 1n parallel, thus substantially maintain-
ing the parallel parity checking speed advantage.

While this invention has been described 1n terms of several
preferred embodiments, there are alterations, permutations,
and equivalents which fall within the scope of this invention.
For example, although the parity check employs odd parity,
even parity may also be employed. As another example,
although the X-OR function s employed to perform the parity
check, XNOR may also be employed. As yet another
example, the global error detection signal may be generated
by OR-1ng (instead of AND-ing) together the local error
detection signals from the various word compare circuits. It
should also be noted that there are many alternative ways of
implementing the apparatuses of the present invention. It 1s
therefore intended that the following appended claims be
interpreted as including all such alterations, permutations,
and equivalents as fall within the true spirit and scope of the
present invention.

The mvention claimed 1s:

1. A ternary content addressable memory (TCAM) inte-
grated circuit (I1C), comprising;:

a select line mput operable to receive a select line having

one of first and second states; and

a plurality of word compare circuits communicatively

coupled to the select line 1nput, each of said plurality of

word compare circuits comprising:

a dual function logic circuit comprising a parity check-
ing circuit and a word comparison circuit, the dual
function logic circuit being operable to enable the
parity checking circuit responsive to recerving a select
line having the first state at the select line input and to
enable the word comparison circuit responsive to
receiving a select line having the second state at the
select line input; and

a word compare circuit output communicatively
coupled to the dual function logic circuit, the word
compare circuit output being operable to generate a
parity error signal responsive to the parity checking
circuit being enabled and to generate a word compari-
son result responsive to the word comparison circuit
being enabled.

2. The ternary content addressable memory integrated cir-
cuit of claim 1 wherein each one of said plurality of word
compare circuits comprises a sequence of bit compare cir-
cuits, wherein a first bit compare output of a first one in the
sequence of bit compare circuits 1s commumnicatively coupled
to an mnput of a second one in the sequence of bit compare
circuits, the first bit compare output being operable to gener-
ate parity related information responsive to the parity check-
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ing circuit being enabled and to generate a comparison result
responsive to the work comparison circuit being enabled.

3. The ternary content addressable memory integrated cir-
cuit of claim 2 wherein said dual function logic circuit com-
prises a plurality of dual function logic blocks, each one of
said plurality of dual function logic blocks being a component
of an associated one of the sequence of bit compare circuits 1n
cach of the plurality of word compare circuits.

4. The ternary content addressable memory integrated cir-
cuit of claim 3 wherein each of said plurality of dual function
logic blocks comprises one or more inputs operable to receive
a stored data bit value, a stored mask bit value, an mput bit
value, a previous bit compare circuit output value, and the
selection line.

5. The ternary content addressable memory itegrated cir-
cuit of claim 4 wherein each of said dual function logic blocks
1s operable to implement the following logic table wherein X
represents a “‘don’t care” condition, P represents said selec-
tion line state, M represents said stored mask bit value, D
represents said stored data bit value, B represents said input
bit value, PB represents said previous bit compare circuit
output value, and in represents an output of said dual function
logic block

P M D B PB fn
0 X X X 0 0
0 0 0 0 ' 1
0 0 0 1 0
0 0 1 0 1 0
0 0 1 1 1 1
0 1 X X 0 0
0 1 X X 1 1
0 0 X 0 0
0 0 X 1 1
0 1 X 0 1
0 1 X 1 0
1 0 X 0 1
0 X 1 0
1 X 0 0

1 X 1 1.

6. The ternary content addressable memory integrated cir-
cuit of claim 4 wherein each of said dual function logic blocks
comprises a first dual function logic sub-block and a second
dual function logic sub-block.

7. The ternary content addressable memory integrated cir-
cuit of claim 6 wherein said first dual function logic sub-block
1s operable to implement the following logic table wherein X
represents a “‘don’t care” condition, P represents said selec-
tion line state, M represents said stored mask bit value, D
represents said stored data bit value, B represents said input
bit value, and TA represents an output of said first dual func-
tion logic sub-block

10

15

20

25

30

35

40

45

50

55

N
—

P M D B fA
U X 0 0 1
0 X 0 1 0
U X 1 0 U
0 X 1 1 1
“ U U X 1
0 1 X 0
1 0 X U
1 1 X 1.

8. The ternary content addressable memory integrated cir-
cuit of claim 7 wherein said second dual function logic sub-
block 1s communicatively coupled to said first dual function
logic sub-block and 1s operable to implement the following
logic table wherein X represents a “don’t care” condition, P
represents said selection line state, M represents said stored
mask bit value, A_OUT represents said output of said first
dual function logic sub-block, and 1B represents an output of
said second dual function logic sub-block

o
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o

A_OUT

PB

HeoNoNoNoNeNe
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0
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1
X
X
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1
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9. The ternary content addressable memory integrated cir-
cuit of claim 1 wherein said plurality of word compare cir-
cuits are communicatively coupled to an encoder operable to
decode a plurality of outputs generated by the plurality of
word compare circuits, the plurality of outputs being a plu-
rality of parity error signals responsive to the parity checking,
circuit being enabled and a plurality of word comparison
results responsive to the word comparison circuit being
enabled.

10. The ternary content addressable memory integrated
circuit of claim 1 wherein said dual function logic circuit
includes a shared logic circuit, the shared logic circuit being
a component of both the parity checking circuit and the word
comparison circuit.

11. The ternary content addressable memory integrated
circuit of claim 1 wheremn said parity checking circuit is
operable to implement odd parity.

12. The ternary content addressable memory integrated
circuit of claim 1 wheremn said parity checking circuit is
operable to implement even parity.
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